Context: Molecular testing has reduced the need for diagnostic hemithyroidectomy for indeterminate thyroid nodules. No studies have directly compared molecular testing techniques.
T he widespread use of medical imaging has spurred substantial growth in the detection of thyroid nodules, to the point that some authors have called attention to an epidemic of thyroid nodule overdiagnosis and overtreatment (1) (2) (3) (4) . More than 500,000 fine-needle aspiration (FNA) biopsies are performed annually in the United States (5) . However, because the risk of malignancy in thyroid nodules is only 5% to 15% (6), a major management challenge is the avoidance of unnecessary surgery. Approximately 20% of FNAs yield an indeterminate (Bethesda class III or IV) result, which confers an ;25% risk of malignancy (7, 8) . Although the conventional treatment algorithm for indeterminate nodules includes repeated biopsy or diagnostic hemithyroidectomy, the majority of resected nodules are ultimately proven benign on histopathology.
Recent advances in molecular testing have enabled more patients with indeterminate cytology results to avoid unnecessary surgery (9, 10) . The Afirma Gene Expression Classifier (GEC) (Veracyte, Inc., San Francisco, CA) uses microarray technology to analyze messenger RNA expression of 167 genes and was designed as a "rule out" test with a reported sensitivity of 92% and specificity of 52% (11) (12) (13) . The competing technology ThyroSeq v2 (CBLPath, Inc., Rye Brook, NY) relies on next-generation sequencing to detect DNA and RNA alterations in 14 genes and 42 gene fusions. With a reported sensitivity of 90% and specificity as high as 93% in limited validation studies, ThyroSeq v2 has the potential to perform as both a "rule in" test and a rule out test (14) (15) (16) .
No prior studies have compared the sensitivity and specificity of different molecular testing techniques, and long-term follow-up is lacking for patients with benign molecular test results who do not undergo surgery. We performed a prospective randomized comparison of GEC and ThyroSeq v2 using a pragmatic study design incorporating real-world decision making within a large, geographically dispersed health system. The objective of this study was to compare test performance and the number of diagnostic hemithyroidectomies avoided as a result of molecular testing.
Materials and Methods

Setting and participants
All patients who underwent thyroid FNA throughout the University of California, Los Angeles (UCLA) Health System were eligible for enrollment (May 2016 to June 2017). Thyroid FNAs were performed at five sites by 14 practitioners. Clinical decisions were left to the discretion of the treating physicians, who included 63 endocrinologists, endocrine surgeons, general internists, and oncologists. Patients younger than 18 years were excluded because of limited data on the accuracy of molecular testing for pediatric patients. Patients with a known history of thyroid cancer who were undergoing surveillance ultrasonography were also excluded, as were patients who had other thyroid nodules or lymph nodes that underwent concurrent FNA yielding a malignant cytology result. This study was approved by the UCLA institutional review board.
Molecular tests
The GEC was developed using a machine-learning algorithm to classify whole-genome transcriptional profiles from indeterminate FNA samples with surgically confirmed benign or malignant histopathology. GEC was initially designed to have a high sensitivity (92%) and negative predictive value (NPV; 96%) for function as a rule out test (17) . These performance characteristics were confirmed in independent validation studies (11) (12) (13) . ThyroSeq was developed using next-generation sequencing to identify point mutations and gene fusions commonly found in thyroid malignancies. Thyroseq v1 targeted 12 cancer genes with 284 mutational hot spots but had insufficient sensitivity to serve as an effective rule out test in the classification of indeterminate thyroid nodules (18) . Thyroseq v2 targets 13 genes in addition to 42 gene fusion products, with an improved sensitivity (90%) and specificity (93%), enabling its use as both rule in and rule out tests (14) . Independent validation studies confirmed the high NPV of ThyroSeq v2 but reported lower positive predictive values (PPVs) (16, 19) .
Study design and cytopathology
All eligible patients were informed about the study and consented to participation before biopsy. Patients were block randomized by month to a single molecular test (either GEC or ThyroSeq v2), such that the same molecular test was performed throughout the UCLA Health System for a given month. At the time of the FNA, an additional sample was routinely collected for molecular testing. All specimens underwent centralized cytopathologic review by six head and neck cytopathologists, each with an average of 15 years of experience. Challenging cases were reviewed by a second cytopathologist or in a weekly consensus conference. When the FNA result was indeterminate [Bethesda III: atypia of undetermined significance (AUS) or follicular lesion of undetermined significance (FLUS) or Bethesda IV: follicular neoplasm (FN) or suspicious for follicular neoplasm (SFN)], the molecular test sample was reflexively sent by the pathology department. Treatment recommendations were made by the treating physician (in most cases an endocrinologist; see Supplemental Fig. 1 ) using clinical judgment and incorporating molecular test results.
Outcomes and follow-up
Variables analyzed included patient age, sex, largest nodule diameter reported by preoperative cervical ultrasonography, presence of Hürthle cell predominance on FNA cytology, Bethesda diagnostic category, and molecular test result. We also recorded the initial recommendation for management on the basis of molecular test results, whether the patient underwent subsequent surgical resection, and the presence of malignancy on final pathology in the index nodule.
Patients who had surgical resection underwent histopathologic evaluation to determine whether the index nodule was benign or malignant. Pathologists were not blinded to molecular test results. When histopathology revealed microcarcinoma (i.e., at least one focus of thyroid carcinoma measuring ,1 cm in diameter), the index thyroid nodule was considered malignant only if the malignancy was found in the same thyroid quadrant where the FNA was performed. Nodules were classified as Hürthle cell-predominant according to Bethesda guidelines (20) . For AUS/FLUS lesions, this was defined as "a moderately or markedly cellular sample composed of a virtually exclusive population of Hürthle cells, yet the clinical setting suggests a benign Hürthle cell nodule" or "there is a predominance of Hürthle cells in a sparsely cellular aspirate with scant colloid." For SFN/FN lesions, this was defined as moderate to markedly cellular samples "consisting exclusively (or almost exclusively) of Hürthle cells." A lesion was classified as Hürthle cell-predominant when the following cytology diagnosis was noted: predominant Hürthloid cell changes, predominance of Hürthle cells, and suspicion for Hürthle cell neoplasm.
Patients who did not undergo surgery were followed up with surveillance ultrasonography every 6 months. Significant nodule growth was defined as .50% increase in volume or .20% growth in two dimensions (9) . The patient's treating physician made recommendations, including repeated FNA or surgery, on the basis of follow-up data.
Statistical analysis
Clinical data including the presence of Hürthle cell predominance was compared between the GEC and ThyroSeq v2 groups. Standardized differences were used to represent differences in effect sizes in baseline characteristics between patients who underwent testing with GEC and ThyroSeq v2. Standardized differences of 0.2, 0.5, and 0.8 represented small, medium, and large effect sizes, respectively.
The performance characteristics of GEC and ThyroSeq v2 were evaluated by determining the sensitivity, specificity, and NPVs and PPVs, of identifying a malignant nodule. Patients with benign or negative molecular testing results who did not have surgery were considered to have benign nodules when calculating performance characteristics. Cases of noninvasive follicular thyroid neoplasm with papillarylike nuclear features (NIFTP) were considered malignant when calculating the PPV. Patients with suspicious or positive molecular testing results who did not undergo surgery were excluded when calculating performance characteristics. Fisher's exact test for binomial proportions was used to estimate 95% confidence intervals (CIs) of each performance characteristic.
Observed PPVs of GEC and ThyroSeq v2 were plotted as a function of malignancy prevalence and compared with expected PPVs on the basis of reported performance characteristics of GEC (sensitivity 90%, specificity 53%) (11) and ThyroSeq v2 (sensitivity 91%, specificity 92%) (15) . The number of diagnostic hemithyroidectomies avoided was calculated on the basis of patients with negative molecular test results who did not have surgery. Because of the small number of Bethesda IV nodules, all nodules with indeterminate cytology (Bethesda III and IV) were analyzed together. P values ,0.05 were considered statistically significant. Analyses were performed using SAS 9.3 (SAS Institute, Inc.; Cary, NC).
Results
Patients
Between 1 May 2016 and 30 June 2017, 1157 patients underwent FNA of 1372 thyroid nodules. Of these, 1030 nodules (75.1%) had benign cytology, 176 nodules (12.8%) had indeterminate cytology (Bethesda III or IV), and 81 nodules (5.9%) were suspicious for malignancy or were malignant (Fig. 1) . Of the 176 nodules with Figure 1 . Flow diagram for all patients who underwent thyroid FNA biopsy during the study period. Four patients with suspicious GEC results are undergoing observation because of patient preference, and an additional four patients are planning to have surgery (no date scheduled). One patient with a positive ThyroSeq v2 mutation is planning to have surgery, but no date has been scheduled. F/u, follow-up.
indeterminate cytology, 159 nodules were Bethesda III and 17 nodules were Bethesda IV. Nineteen indeterminate nodules were excluded from the study, including six nodules that underwent FNA at a newly acquired radiology facility without resources to participate in the study, five nodules in patients with coexisting thyroid cancer, and six nodules that underwent repeated FNA after an initial insufficient molecular test result. Of 157 eligible indeterminate nodules, the enrollment rate was 94.9% (149 nodules randomly assigned to GEC or ThyroSeq v2 and included in the analysis).
The baseline characteristics for patients with indeterminate cytology who underwent molecular testing with GEC or ThyroSeq v2 showed no differences with respect to age, sex, or nodule size ( Table 1 ). The median patient age was 59 years, and 81.9% of patients were female. The median nodule size was 2.0 cm (interquartile range 1.5 to 3.0 cm). There was a preponderance of Bethesda III nodules (89.9%) in both the GEC and ThyroSeq v2 groups and a similar rate of Hürthle cell cytology (14.8%).
Performance of GEC and ThyroSeq v2
Of 70 nodules tested with GEC, 42.9% (n = 30) had a benign molecular test result, 48.6% (n = 34) were suspicious, and 8.6% (n = 6) were insufficient for analysis. Of 26 nodules with a suspicious GEC result that were surgically resected, four nodules had malignant histopathology and six nodules were NIFTP (Table 2 ). Of 79 nodules tested with ThyroSeq v2, 77.2% (n = 61) had a negative molecular test result, 19.0% (n = 15) had a positive mutation identified, and 3.8% (n = 3) were insufficient for analysis. Of 14 mutation-positive nodules that were surgically resected, six nodules had malignant histopathology (including two nodules with BRAF mutations and one nodule with a TERT promoter mutation) (Table 3 ) and two nodules were NIFTPs. All nodules with benign/negative molecular testing results that were surgically resected because of patient or physician preference had benign histopathology (three nodules for GEC and nine nodules for ThyroSeq v2).
The performance characteristics of GEC and ThyroSeq v2 were evaluated in patients who underwent surgery or who had benign/negative molecular testing results and were treated nonoperatively (GEC, n = 57; ThyroSeq v2, n = 72). The overall prevalence of malignancy in Bethesda III and IV nodules in this group was 13.9% (18 of 129). Assuming that nodules with benign molecular testing that were not surgically resected were truly benign, the sensitivity and NPV for both GEC and ThyroSeq v2 were 100% ( Table 2 ). The specificity was 66.0% (95% CI, 50.7% to 79.1%) for GEC and 90.6% (95% CI, 80.7% to 96.5%) for ThyroSeq v2. The PPV was 38.5% (95% CI, 20.2% to 59.4%) for GEC and 57.1% (95% CI, 28.9% to 82.3%) for ThyroSeq v2. On the basis of previously reported performance characteristics of GEC (11) and ThyroSeq v2 (15) and a prevalence of malignancy of 13.9%, expected PPVs of GEC and ThyroSeq v2 were 23.9% and 65.1%, respectively. The observed PPVs of GEC (38.5%) and ThyroSeq v2 (57.1%) approximated the expected rates (Fig. 2) .
Approximately two-thirds of the indeterminate nodules were managed nonoperatively, largely on the basis of benign/negative molecular test results. The remaining one-third was surgically excised (20.1% with lobectomy and 15.4% with total thyroidectomy). Surgery was performed in 30 of 70 nodules tested with GEC (43%) and 23 of 79 nodules tested with ThyroSeq v2 (29%). Diagnostic surgery was avoided on the basis of a negative molecular test in 28 patients tested with GEC (39.1%) and 49 patients tested with ThyroSeq v2 (62.0%).
Hürthle cell predominance was present in 22 nodules with indeterminate cytology. Of the 10 nodules tested with GEC, five were benign and five were suspicious. Only one of the four nodules with a suspicious GEC result that were surgically resected had malignant histopathology (minimally invasive Hürthle cell carcinoma). Of the 12 nodules tested with ThyroSeq v2, eight were mutation negative and four were mutation positive. All four mutation-positive nodules were surgically resected, and two nodules had malignant histopathology (one minimally invasive Hürthle cell carcinoma and one poorly differentiated carcinoma), whereas one nodule was an NIFTP.
Surveillance of patients treated nonoperatively
Nonoperative management was pursued for 87 nodules with benign/negative molecular testing results. Of these, 23 nodules had ,6-month follow-up from the time of FNA and thus did not undergone surveillance ultrasonography. Surveillance ultrasonography was available for 46 of 64 nodules (71.9%) after initial FNA (eight nodules at 6 months, 27 nodules at 12 months, and 11 nodules at 18 months). Of these, only one nodule with an initial ThyroSeq v2 negative result had grown significantly at 12 months and underwent repeated FNA (cytology was AUS with a benign GEC result, and the nodule is being observed).
Discussion
In this pragmatic randomized trial, ThyroSeq v2 had a higher specificity than GEC and allowed more patients to avoid diagnostic thyroid surgery on the basis of a negative molecular test result. In short-term follow-up, all of the patients who were initially treated nonoperatively remained under observation and did not require surgery.
The increased utilization of neck imaging has created a worldwide epidemic of thyroid nodules. In the United a Nodules with surgically confirmed benign histopathology.
b Nodules with benign/negative molecular testing results undergoing surveillance and assumed to be benign. States alone, ;100,000 cytologically indeterminate thyroid nodules are managed annually (5). The advent of molecular testing has enhanced preoperative diagnosis and allowed more patients with benign nodules to avoid diagnostic surgery. GEC and ThyroSeq v2 are the two best-validated molecular tests for indeterminate thyroid nodules. GEC analyzes changes in the expression of 167 genes using a proprietary machine-learning algorithm. A prospective multi-institution validation study of 210
Bethesda III and IV nodules tested with GEC reported a sensitivity of 92%, a specificity of 52%, an NPV of 95%, and a PPV of 38% (11) . Independent validation studies have reported an NPV ranging between 70% and 100% and a PPV ranging between 14% and 44% (13, 21, 22) . ThyroSeq v2 quantitatively assesses the proportion of cells carrying common genes mutated in thyroid cancer (e.g., BRAF and RAS), as well as gene fusions (e.g., RET/PTC). ThyroSeq v2 has a reported sensitivity of 90%, a specificity of 93%, an NPV of 96%, and a PPV as high as 77% to 83% (14, 15) , although external validation has suggested that the specificity and PPV may be lower than initially reported (77% and 40% to 50%, respectively) (16, 23) . In our study, ThyroSeq v2 displayed a higher specificity and PPV than did GEC. Diagnostic hemithyroidectomy was avoided in 39% of patients tested with GEC and 62% tested with ThyroSeq v2 on the basis of a benign/negative molecular test result. Only 12 of 89 nodules with benign/ negative molecular testing results were surgically resected (three with GEC and nine with ThyroSeq v2), and all had benign histopathology. Because the majority of nodules with benign molecular testing were managed nonoperatively, false negatives may be present that would decrease the sensitivity and NPV of either GEC or ThyroSeq v2. Thus far, surveillance ultrasonography is available for 46 nodules after initial FNA, and only one nodule has grown and undergone repeated FNA with a benign GEC result. All nonoperatively treated patients are continuing to undergo biannual ultrasonography surveillance, which should ultimately detect the majority of false-negative cases (24) .
The institutional prevalence of malignancy in nodules with Bethesda III and IV cytology varies widely between 6% and 50% (25) . This variability limits direct comparison of performance characteristics between GEC and ThyroSeq v2 across prior studies. In contrast, our study comparing GEC with ThyroSeq v2 at a single institution with centralized cytopathologic review permits valid comparison of molecular testing techniques. The 13.9% prevalence of malignancy in our study lies in the middle of the range reported in the literature and makes our results generalizable for a wide range of practice settings. A large proportion of patients in our study had Bethesda III cytology. However, this is most likely due to institutional standards for interpreting thyroid FNAs, which are known to have interobserver variability (26) . Three nodules with indeterminate cytology in the ThyroSeq v2 group had oncogenic mutations associated with a very high risk of malignancy (BRAF or TERT). Although these mutations are much more commonly observed in nodules that are suspicious for malignancy or frankly malignant cytology, they have been reported in 5% to 15% of nodules with AUS/FLUS or SFN/FN cytology (27) (28) (29) .
The recent reclassification of encapsulated follicular variant of papillary thyroid carcinoma (previously considered malignant) to NIFTP (now considered premalignant) also affects molecular test performance (30, 31) . We considered NIFTP as malignant when calculating molecular test performance because the recommended treatment of NIFTP is surgical excision (32) . Previous reports have cited high rates of total thyroidectomy for patients with suspicious molecular test results (33) . In our study, 57% of surgically treated patients underwent lobectomy, whereas 43% underwent total thyroidectomy on the basis of contralateral thyroid nodules or preexisting hypothyroidism. Consistent with previous reports (34-36), 44% of surgically resected nodules that had suspicious/positive molecular testing results were diagnosed as NIFTPs on histopathology. This finding highlights the need to avoid unnecessary total thyroidectomy in the absence of appropriate clinical factors.
Our study has several limitations. We did not perform both molecular tests in all indeterminate thyroid nodules. Although this would have allowed a more direct comparison between GEC and ThyroSeq v2 in each nodule, such a study design would have been cost prohibitive. Pathologists were also not blinded to the molecular tests, and histopathologic diagnosis may have been influenced by prior knowledge of the molecular test results. An additional limitation was the nonoperative treatment of most patients with benign or negative molecular test Figure 2 . Expected PPV of GEC and ThyroSeq v2 based on previously reported sensitivity and specificity (11, 15) .
results. Although the pragmatic study design demonstrated the real-world utility of molecular testing, the lack of histopathologic confirmation for all nodules may decrease the accuracy of test performance measures. Some patients with benign or negative molecular test results may represent false negatives, which would decrease the sensitivity and NPV. Recent data show that undiagnosed thyroid cancers may grow with a mean doubling time of 2.2 years during longterm follow-up; therefore, ultrasonography surveillance will likely detect false-negative cases with longer follow-up (37) . Because of the slow rate of progression of most thyroid cancers, however, $10 years may be necessary to establish a definitive benign diagnosis in nodules managed nonoperatively. Recently, the Genomic Sequencing Classifier (Veracyte, Inc.) and ThryoSeq v3 (CBLPath, Inc.) were introduced (38, 39) . The results reported in this study apply only to the GEC and Thyroseq v2, and a comparison between updated versions may have different results.
In conclusion, the advent of molecular testing has allowed many patients to avoid unnecessary diagnostic hemithyroidectomy. On the basis of our findings, Thyroseq v2 had a higher specificity than the Afirma GEC and allowed more patients to avoid surgery. Long-term ultrasonography surveillance is necessary to detect potential false-negative cases that may decrease the sensitivity of molecular testing.
